Charge asymmetry in the differential cross section of high-energy 
e + e _ photoproduction in the field of a heavy atom 

R.N. Leefl A. I. Milsteini and V.M. Strakhovenkcfl 

Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia 
(Dated: November 28, 2011) 

Abstract 

First quasiclassical correction to the differential cross section of high-energy electron-positron 
photoproduction in the electric field of a heavy atom is obtained with the exact account of the field. 
This correction is responsible for the charge asymmetry A in this process. When the transverse 
momentum of at least one of the produced particles is much larger than the electron mass m, the 
charge asymmetry can be as large as tens percent. We also estimate the contribution A to the 
charge asymmetry coming from the Compton-type diagram. For heavy nuclei, this contribution is 
negligible. For light nuclei, A is noticeable only when the angle between the momenta of electron 
and positron is of order of m/u (oj is the photon energy) while the transverse momenta of both 
particles are much larger than m. 
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I. INTRODUCTION 



The production of an electron-positron pair by a photon in an atomic field is one of the 
most important processes of QED. Because of its importance for various applications, see 
Refs. , this process has been investigated in numerous theoretical and experimental 
papers. The cross section of the process in the Born approximation is known for arbitrary 
energy u of the incoming photon, Refs. jjj, li] (we set H — c—1 throughout the paper). For 
heavy atoms, it is necessary to take into account the higher-order terms of the perturbation 
theory with respect to the parameter Za (Coulomb corrections), where Z is the atomic 
charge number, a = e 2 1/137 is the fine-structure constant, and e is the electron charge. 
The formal expression for the Coulomb corrections, exact in Za and u, was derived in 
Ref. 5[. However, the numerical computations based on this expression becomes more and 
more difficult when u is increasing, and the numerical results have been obtained so far only 
for u < 12.5 MeV, Ref. |g|. 

Fortunately, in the high-energy region w > m (m is the electron mass), a completely 
different approach, which greatly simplifies the calculations, can be used. As a result of this 
approach, a simple expression for the Coulomb corrections was obtained in Refs. [7, [s] in the 
leading approximation with respect to m/u. However, this result has good accuracy only 
at energies u > 100 MeV. For a long time, the description of the Coulomb corrections for 
the total cross section at intermediate photon energies (5 -j- 100 MeV) was based on the 
expression obtained in Ref. 9(. This expression is actually an extrapolation of the results 
obtained at u < 5 MeV. Recently, the first corrections of the order of m/u to the spectrum, 
as well as to the total cross section, of e + e~ photoproduction in a strong atomic field were 
derived in Ref. 10j. The correction to the spectrum was obtained in the region where both 



produced particles are relativistic. It turns out that this correction is antisymmetric with 
respect to replacement e + 4-> e_, where e + and e_ are the energy of the positron and the 
electron, respectively, so that the correction to the total cross section comes from the region 
close to the end of spectrum where e + ~ m or e_ ~ m. In Ref. jlO |. the correction to 
the total cross section was obtained by means of the dispersion relation for the forward 
Delbriick scattering amplitude. The account for this correction leads to agreement between 
the theoretical prediction and available experimental data at intermediate photon energies, 
Ref. jll] . The electron (positron) spectrum in the process of e + e~ photoproduction in a 
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strong Coulomb field in the case s+ ~ m or e_ ~ m and u ^> m was investigated in 




Ref. |l2j. It was shown that the Coulomb corrections drastically differ from those obtained 
in the region where e + 3> m and £_ 3> m. Integration of the spectrum in Ref. [12 [ 
confirmed the result for the correction to the total cross section obtained in Ref. 
means of the dispersion relation. 

In the present paper, we calculate, exactly in 77 = Za, the next-to- leading correction 
with respect to m/u to the differential cross section of electron-positron pair production by 
a high-energy photon in a strong atomic field. The correction, being the odd function of 77, 
gives rise to the charge asymmetry in this process. The leading term of the cross section 
obtained in Refs. La] is the even function of Za and does not contribute to the charge 
asymmetry. For the photon energy below the threshold of 7r-meson photoproduction, we 
also estimate the contribution of the Compton-type amplitude to the e + e~ photoproduction 
cross section. The corresponding term contributes to the charge asymmetry as well. 

II. GENERAL DISCUSSION 

The cross section of e + e~ pair production by a photon in an external field reads (see, 
e.g., Ref. H ) 

da= (n\A dpdq5(u - e p - E q )\M Xl x 2 \ 2 , (1) 



where e p = \/p 2 + m 2 , p and q are the electron and positron momenta, respectively. The 
matrix element M\ 1 \ 2 , corresponding to the diagram shown in Fig{T]has the form 

M AlA2 = J dr 4°^ (r) 7 • e ujjj (r) exp (ik ■ r) . (2) 
Here u^t , (r) is a positive-energy solution and uftr) is a negative-energy solution of the 




FIG. 1: Diagram for pair production by a photon in a strong Coulomb field. Thick lines correspond 
to the positive- and negative-energy solutions of the Dirac equation in the Coulomb field. 
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Dirac equation in the external field, Ai = ±1 and A2 = ±1 enumerate the independent solu- 
tions of the Dirac equation, e is the photon polarization vector, k is the photon momentum, 
7 M are the Dirac matrices. We remind that the asymptotic forms of U\ p (r) and v^ p ut \r) 
at large r contain the plane waves and the spherical convergent waves, while the asymptotic 
forms of (r) and v^\r) at large r contain the plane waves and the spherical divergent 
waves. In order to obtain the wave functions in the leading quasiclassical approximation 
and the first quasiclassical correction to it, we exploit the convenient integral representation 
for the exact wave functions in the Coulomb field suggested in Ref. jl^ . The derivation of 
this representation is based on the relations 



lim G(r 2 ,ri|e p ) = 

ri— >oo 

lim G(r 2 ,ri| - e p ) 



exp (ipri + irj p ln(2pri)) 

exp (ipri — if] p ln(2pri)) 
4irri 
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p 



and also 



lim G(r 2 ,Ti\e p ) 

T2— >OQ 



lim G(r 2 , ri| - e % 

T2— >0O 



exp (ipr 2 + irj p ln(2pr 2 )) 
47rr 2 
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where G(r2,rx|e) is the Green function of the Dirac equation in the Coulomb field, rii = 
r 1/7*1 and n 2 = r 2 /r 2 . A convenient integral representation for G(r 2 ,ri\e) was obtained in 
Ref. (l5j. Using Eqs. (19)-(22) of that paper, we arrive at the following result for the wave 
functions u^\r) and v%™\r): 



4:\r) = eMipr) l<ltr*>»-^ 



pr 



Sb(~x p , pr) [t 2 -Za^ j (1 - /?,) \ i$ A (-.r p . pr )( 1 - //,.; 

fa) (r) = axpfrr) , , ,„■„■„„- L „,,- 
p p r 



S B (x p , pr) [ t 2 - Zajj ) (1 - R 2 ) + iS A (x p , pr)(l + R 2 ) 



p • 



S A (x, p) =^e- i7r V 2 ,(2^)Z— (P^x) + P l - 1 (x)) 



1=1 

oo 



S B (x, p) = ^e- iw J 2v (2t^)— (P^x) - Pi-x(x)) 



1=1 



— - , R 1>2 = (m ± 7%) 



rp 



pr 



(5) 



Here Pi(x) is the Legendre polynomial, J 2j , is the Bessel function, v = \Jl 2 — (Za) 2 . For 



the wave functions m^H 1 ") an d t, ip t *' ) ( r ) we obtain: 



{out) ( v _ exp(ipr) 



pr 



dtt -2ir, p -l e it* 



-(out), \ 
v\ P ( r ) 



S B (x p , pr)(l + i? 2 ) (V - ^"^7°) + i^C^p, pr)(l - i? 2 ) 

oo 

exp(ipr) 



pr 



dtt 2i Vp -l e i 



(TTt \ 
t 2 - Za—'j J + iS A (-x p , pr)(l - R\ 



(6) 



The integrals over the variable t in Eqs. ([5]) and (|6]) can be expressed via the confluent 
hypergeometric functions. However, the forms ([5]) and (EJ) of the wave functions are more 
convenient for applications than the conventional ones. The results ((5]) and ([6]) are in 
agreement with the well-known solutions of the Dirac equation in the Coulomb field. 

III. CALCULATION OF THE MATRIX ELEMENT 



Let us introduce the functions 



oo 

F A (r, p, V ) = f dtt- 2 ^e a2 S A (x p , pr) , 

pr J 



F B {r, p, rf) 
F B (r, p, if) 



pr 

exp(ipr) 
pr 

exp(ipr) 
pr 



o 

oo 



dtt -2iv-i e it 2 s B (x p , pr), 



dtr 2i ^ +1 e^S B (x p , pr) 



(7) 
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In terms of the functions (j7J), the wave functions v^™ (r) and u^^r) have the form 



- (out) . 



47 V) 
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i } (cr-g-cr-n) 



(8) 



where n = r/r, p = p/p, q = q/q and 

= F A (r, p, Tfr) , 4 +) = F B (r, p, r/ p ) , = F B (r, p, r/ p ) 



F< ) = F A (r, q, - Vq ) , F B ] = F B (r, q, - Vq ) , f\ 1 



/; ■- F B (r, q, -7] q ) 



Then the matrix element Ma^, Eq. (j2J), is 



M 



Ai A2 



dr exp (zfc • r)0+ n{ +) cr ■ e K\ ' + 7^ +J cr • e 7^ 



(") _L 



.(-) 



XA 2 



(9) 



(10) 



For any vector X we introduce the notation X± = X — [y ■ X)u, u — k/k, and write the 



matrix element M\ 1 \ 2 in the form 



M 



Ai A2 



0+[(a o + ai) + cr • (po + b 1 )}xx 2 



(11) 



where ao and bo are linear in P = p±, g = q±, m/e p and m/£ g , while a± and bi are 
quadratic in these variables. We have 

a = 2i[u x e] • gr < ~- ) , b = 2e ■ u + 2ge , 
a x = i[u x e] • (0 p - q ) g , 
bi = e- g {+) (0 P + d q ) + e- (0 P - q ) g^ 
-(0 p -0 q )-g^e-e-(0 p + q )gu. 



(12) 



Here 
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(±) 



cir exp(zfc ■ r)F^ +) (n± + q )F B ' - n±F% 



i(-) 



6 



± / dr exp(ik ■ r)Fjf } (n ± + O p )F ( B +> - n x F K A 



'<+) 



In Ref. 



SpSq 



J dr exp(ik ■ r)Fj +) F 



(+) p(-) 

A 



(13) 



10], the following expressions for the sum Sa and Sb, which take into account 



the leading terms and first quasiclassical corrections, have been obtained 

,2 



Sa{x,p) = ~-Jq ( y\ 



1 + 



m{ Za) 



S B (x,p) 



-Ji[y 



1 + x 



1 + 



i7r(Za) ; 



(14) 



2^2(1 + x) 

where y = 2ty / 2p. These formulas are obtained for y ^> 1 and 1 + i < 1. Substituting Eq. 
(1T4|) to Eq. ([7]) and taking the integrals over the variable t we find 

F A (r, p, 7]) = - exp -ip-rj [T(l - ir])F(ir), 1, i(pr + p ■ r)) 

2 ?2 

nn e 4 

+ - h= r(l/2 - iv)F(l/2 + it], 1, i(pr + p • r))] , 



2y/2pr 



% / 7T77 \ 

F B (r, p, 77) = -- exp -ip-rj [r(l - z?y)F(l + 277, 2, z(pr + p ■ r)) 

1 i?- 

7T7T 1 e 4 

+-L=r(l/2 - IT/ F 3/2 + Z77, 2, z(pr + p ■ r , 
2^2pr 

F B (r, p, 77) = - exp - ip-rj [T(2 - ir])F(ir], 2, i(pr + p • r)) 

2 »'— 

7T77 e 4 

+^=r(3/2 - irj)F{l/2 + 177, 2, i(pr + p • r))] . 



2^^""'" v " '"'^ ' ' '" J- (15) 

Here T(x) is the Euler gamma function, and F(a,/3,x) is the confluent hypergeometric 
function. Then we use the approach of Ref. 16] based on the integral taken in Ref. 



dr 



— exp 

r 



—iQ ■ r — i 

Arc (m 2 u){l + £ p \) 



m 2 uj 

2SpSg 



F(— ia-i, 1, i(qr + q ■ r)) F(ia 2 , 1, i(pr + p • r)) 



Q 2 
z = 1 



Xr 



Q%U1 + A) 
m 2 (l + £ p A)(l+£,A) 



F(-iai, ia 2 , 1, 2) , 
1 1 



1 + ^ 2 



Op 

m 



S q = £ ~^, Q = p + q-k. 
m 



(16) 



Here we assume that |A| ~ 1. We write g = go + Sg and = + 5g^ where the 
leading terms are 



go = N[(£ q - Q ir)T + (1 - i v - Q (1 - u)F\ 



g (±) = N (e p T e q ) [( ^ + ^ + ( ^ _ ^ (1 _ u)r] ^ 



N = -i 



2VT ( Sqiq 



mQ 2 \e p £ p 



17] 



|r(i-^)| 2 , 



J = F(-ir), ir], 1, u) , 7' = ^-, u=l-Q±£ p £ q . 

Here 77 = and F(a, 6, c, x) is the hypergeometric function. 

The first quasiclassical corrections, 5g and 5g^ , are given by the integrals 

5g = ^Br I ^ e M-*Q-r)l-^ni- iV ni/2+ iV ) 



xF(ir), 1, i(pr + p ■ r))F(l/2 - 177, 1, i(qr + q • r)) + (p < — > q , rj 



-v) 



irr} 2 e l *(e p ^ e q ) f dr 



iQ • r) 



z r(l — i77)r(l/2 + iTj) 



xF(irj, 1, i(pr + p ■ r)) 



(n± + 0,)(l/2 + iri)F{l/2 - ir], 2, i(gr + <? • r)) 



-n ± F(l/2 - w/, 1, i(gr + q • r*)) 



(p <->■ g , v ->■ > • 



In order to take the integral over r, we use the parameterization 

CO 

1 e*"/ 4 f dX 



\fr J V\ 

o 



-i\r 



Then, we obtain 
5g = 



2mQ \e P tJ J y/\\l + £ q \ 



x • 



+ 



e P r (i-^)r(i/2 + i77) 



1 + A 1 + C P X 1 + £ q X 



(1/2 -ir]) 



(1 - z)G' 



+ «?7: 



1 + C P X 1 + £ g A 



5 (±) = T^V^jFfj ^V" / / 1 + £ P A x " 

o 



x • 



Z P T (l-i V )T(l/2 + iri) 

W 1 + Zp x 



g = F(l/2-i V ,irj,l,z), G' = -£- (20) 
Here z is defined in Eq. (fIBI) . 

IV. CALCULATION OF THE PHOTOPRODUCTION CROSS SECTION 

Using the matrix element obtained it is easy to write the cross section with all polariza- 
tions taken into account. For the cross section summed over the polarization of the electron 
and positron, it is necessary to calculate 

\M Xl x 2 \ 2 = 2[\a + ai \ 2 + | b + &i| 2 ] = 2[|a | 2 + \b \ 2 + 2Re{a al + b ■ b{)} , (21) 

Al,2 



where we neglect the terms \a\\ and |bi| . It follows from Eq. (ITzj) that 

Re(a al + b ■ &*) = 

for any photon polarization. Thus, the terms with a± and bi do not contribute to the next-to- 
leading correction to the cross section summed over the electron and positron polarizations. 
For simplicity, we restrict ourselves to the case of unpolarized photon. From Eqs. (1121) . (}2Tj) . 
(HZD, and flU, we have 

da = ^^^1 [{£ 2 + £ 2 q) \ g t-) ? + (22) 

where we used the relation = (e p — e q )g^~' /u, see Eqs. f|T7|) and fl20|) . We write 
da = da s + da a , where the leading term is 

2am 2 |r(l — « ?]) | 4 dSpddpdSq 



da„ 



TT 2 U 3 Q 4 

\2l„2 t-2 



x{[(l-u)(e 2 p + e 2 q )+2e p e q (£ p -Q 2 ] V 2 T 2 
+[u(4 + e 2 q ) + 2e p e q (l - & - Q 2 ](l - u) V 2 } . 



(23) 



Here u and T are defined in Eq. (1171) . The leading term is symmetric with respect to 
replacement p -h- q. The correction da a has the form 



am 2 r] 2 \T(l-ir])\ 2 d£ p dS p dS q T /" rfA /l + £„A X J,? 
= „ ,/o ^ Im< / -= h 







&r(i-i77)r(i/2 + i77) 



-m = - e 9 ) ^ + a - e P - (i - 

x [^e,^/! + £,/ 2 + /s) + (4 + ej)(/i + h + 2/ 3 )] 

+ (4 + e 2 q ){l - - / 2 )i^ - u{h + f2)F] , 

_ (1/2 - i7j)0 - (1 - z)G' , _ zi# - (1 - z)G' 
h — r~r; > /2 — 



1 + 



/ 3 



(1 ~ z)Q' 
1 + A 



(24) 



Here z and G are defined in Eq. (|T6|) . As should be, the correction dcr a is invariant under 
the replacement p -H- q , 77 — > —rj. Since z enters this expression only in the combination irj, 
it is evident that the correction da a is antisymmetric with respect to replacement 77 — > —77, 
as well as with respect to replacement p ^ q. 

V. SPECIAL CASES 



If 77 <§C 1, the leading term da s has the form 

da. 



2am 2 rj 2 de„ dS p dd q 



x 



Q 2 



77T 



7r 2 u; 3 Q 4 
&fff(eJ + e2) + 2epe,(f P -£, 



The correction Eq. ( 124|) at 77 1 reads 



am 2 f] 3 de p dS p dd q 

27TW 3 Q 3 

(4 + e 2 q ) Q- 



SpSq 



In the limit 5 P 3> 1 and <5q ^> 1 this formula reduces to 



da„ 



arf(s 2 + £ l)d £ P d&q 

2'7re p e q 5 p l 5%uj 3 Q s 
arj 3 (e 2 , + e 2 q )de p dS p dS q 



[ m \5 2 - 5 2 p )co+(e p ~s q )Q 2 ] 

(Oq — Op) ■ Q . 



(25) 



(26) 



(27) 



The correction da a at 77 <C 1 , 5 P ^> 1 , and 5 g ^> 1 was also investigated in Ref. [18] in scalar 
electrodynamics. Our result (l27j) . obtained for fermions, differs from the result of Ref. [3] 
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for scalar particles by the factor (e 2 + e 2 ) /(e p e q ). This factor is equal to 2 for \e p — e q \ <C 



in accordance with the statement of Ref. 



id- 



From the experimental point of view, it may be interesting to consider the case 5 P ^> 
5 q ^> 1 or 5 q ^> dp ^> 1 at 77 < 1. Then the leading symmetric term is 

2arj%^ q (e 2 + e 2 ) de p d8 p dS q 
da s = 2 3/ A 2 , 28 

where Q « m\8 p + S q \, £ p ~ l/^p, and £ g ~ V^g- This term is proportional to ^ 2 for any 77. 
The leading antisymmetric term is 

d&a = 57^ Re p(77) , 

T(l-in)T(l/2 + ir]) . . 

g( " ) = " r(i + i'ir(i/2-4) - (29) 

It is also important to consider the asymtotics of the charge asymmetry in the region 
\S P + 5g\ \5 P — 5g\. In this case, the arguments u and z of the hypergeometric functions 
T and as well as the factor [(1 + £ p A)/(l + ^A)]* 7 ', in Eq. (124"]) can be replaced by unity. 
As a result, we find that do s oc rf and dcr a oc rf for any 77, and one can use Eqs. ( 125]) and 
( 126]) for this region. 



Integration of Eq. ( 123]) over S p gives for dcr s , Ref. [161 ]. 



^ J P {(4 + + 3 / 2 ) + + ~ QL}} , 

L = In ( - 2 - Re[V>(l + in) + C] , (30) 
\ mu J 



da s = [4 + 4+ o £ P £ 1 )( L +o) dtp- (31) 



where C = 0.577. . . is the Euler constant. The integration over 8 P gives the well-known 
result, Ref. [3], 

±^(4+4 + ^,) ( i + 5 

We have performed numerical integration of Eq. (124]) over Fig. [2] shows the result of 
this integration, , da j X in units as a function of S D for a few values of x = e v /co. 

' de p ddp mu) z V VI 

The cross section da a integrated over both 8 P and 8 q was obtained in our paper Ref. 1101 
and has the form 

da a = - ^\e p -e q ){2u 2 -Ze p Sq)de p R ^ ( ^ ^ 

The result of numerical integration of Eq. over 8 P and 8 q is in agreement with the 

above result. 
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a -0.6 
-0.8 
-1.0 



FIG. 2: The dependence of d£ in units on 5 P for a few values of x = e p /uj: x = 0.25 (solid 
curves), x = 0.5 (dashed curves), and x = 0.75 (dotted curves); rj = 0.54 (tungsten). 



VI. COMPTON-TYPE CONTRIBUTION 



In this Section we estimate the contribution of the Compton-type amplitude to the pho- 
toproduction cross section. Since this amplitude is small in comparison with the leading 





FIG. 3: Real Compton scattering diagram (left) and Compton-type diagram for pair production by 
a photon in a strong Coulomb field (right). Thick lines correspond to the positive- and negative- 
energy solutions of the Dirac equation in the Coulomb field. Double line denotes nucleus. 



amplitude found above, it is necessary to take into account only the interference between 
the Compton-type amplitude and the leading amplitude. The leading amplitude is enhanced 
at small angles 9 P and 9 q of the final particles. Therefore, it is sufficient to calculate the 
Compton-type amplitude also at 9 P , 9 q <C 1. For real initial and final photons with u <C tua 
(rriA is the nuclear mass), the nuclear Compton scattering amplitude, corresponding to the 
left diagram in Figj3j in the forward direction reads 



M, 



c 



T(u) ei 



• e 



2 i 



(33) 



where T(uS) is the function measured for many nuclei, see Review 19], e\ and e2 are the 
photon polarization vectors of the initial and final photons, respectively. The function T(ui) 
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satisfies the relations 



Z 2 e 2 to 

T(0) = , lmT(u) = —a lN (u) 

rriA 47r 



*™-m\ = ±vr^*J, (34) 



o 

where a^N(u) is the nuclear photoabsorption cross section and V denotes the integration in 
the principal value sense. Below pion photoproduction threshold, the cross section <7 7 at(u;) 
is conventionally written as a superposition of Lorentzian lines 

a yN (u) = X>(£2_ ^2 + ^)2 > ( 35 ) 

where the parameters a n , E n , and T n are extracted from the experiment. The corresponding 
function T{u) has the form 

r(") = — + rE ,T2 a f n - r • ^ 

m A 47r E* — u z — iuT n 

Below pion threshold, but above the resonance region (u> 3> E n ), the function T(u) has the 
form 



T(oo) 



Z 2 e 2 



rriA 47r 



'h^^n- (37) 



The last term in this asymptotics is equal to (1 + >c)NZe /m^, where x is the so called 



enhancement factor, see Ref. 19(, and N is the number of neutrons, and we obtain 



Ze 2 N 

T(oo) = - — (l + -x), (38) 
m„ A 



where m p is the proton mass, A = Z + N. For heavy nuclei x ~ 0.3 4- 0.4, Ref. 20j, so that 

T(oo)/T(0) ~ 3. 

Using the function T(ou), we write the additional contribution to the photoproduction 
amplitude, corresponding to the right diagram in Figl3l as follows 

dn Ait 



M AlA2 = -T{u>) 



(27r) 3 w 2 - k 2 + i0 
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We assume that 9 P <C 1 and 9 <C 1. Taking the integral over k we obtain 

M AlA2 = T( U ) J y vfg\r) [c - (n • c)n] • 7 «£J (r) exp (iwr) , (40) 

where n = r jr. The main contribution to the integral over r is given by the region p ■ r ~ 
pr ~ u 2 /m 2 and qr • r ~ gr ~ u 2 /m 2 . In this case 

exp(— ip ■ r) 



F A (r, p, 77) = F B (r, p, rj) 



2(pr + p • r)*n ' 



Using this asymptotics and taking the integral over r we arrive at the Compton-type cor- 
rection to the photoproduction amplitude 

^AxA 2 =(f)$ 1 (a + cr- b)xx 2 , 
a = iN[vxe]-0, b = N (gp - ^ (e ■ fl) 1/ , 
^ = 27T7V) 1 



mw a; 



The corresponding correction to the cross section has the form 

Aam 4 de p d6 p dS q ~ 
do- = — — -Re(a a + 6 • & ) 



8am (e 2 + e 2 ,) cfe p d<5 p dd 



(^3 *Mtf>-«>*1- (43) 

This correction contains both symmetric and antisymmetric parts with respect to replace- 
ment 77 — > —77. The symmetric part is proportional to 1m T(uj) and the antisymmetric part 
is proportional to ReT(w) 



2am 2 |r(l -ir])\ 2 (e 2 + e 2 )de p dd p dS q 

daa = ttMi + ^Q 2 M 

x ^ • [cos /j (£ p £ p + £ 9 <5g) r/J 7 + sin// (f p £ p - £ ? <5 g ) (1 - u)j"] ^ , 

^ = 77 In (|). (44) 
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VII. DISCUSSION 



In quantum electrodynamics, an electron differs from a positron only by its charge. There- 
fore, the cross section of e + e~ pair photoproduction satisfies the relation 

dcr(p, q, rj) = da(q, p, -77). 

We define the charge asymmetry A as 

= dajp, g, rj) - dajp, g, -rj) = dajp, q, rj) - da(q, p, rj) 
d<r(P, q, V) + dar (P> -V) d(T (Pi Q, V) + dcr(q, p, rj) ' 
Let us first neglect da a and calculate 71 as a ratio of da a in Eq. ( |24"|) and da s in Eq. fl23|) . 

Outside the very narrow region Q± < |Q||| = \u ■ Q\ ~ m 2 /u, we can replace Q 2 — >■ Qj_ = 

m 2 (S p + <5 g ) 2 . Then, at fixed 8 P , S q , and x = e p /u the asymmetry ^4. scales as m/u, as can 

be seen from Eqs. (j2l|) and fl23|) . Figure H] shows the dependence of ^4 on 5 P in units m/u 

for tungsten ( = 0.54) for a few values of 5 q and where ip is the angle between vectors 

dp and It is seen that the charge asymmetry may be rather large ( A ~ 20 4- 30% for 

u/m = 50). The asymmetry is large when # p and/or 5 g are much larger than unity. Note 

that this statement is also valid in the region \5 P + S q \ \6 P — 6 q \ (but 5 P ^> 1 and 5 q 3> 1). 

It is interesting to understand the importance of high-order in rj terms in the charge 

asymmetry. Figure [5] shows the dependence of A on rj = Za in units m/u for 5 P = 2, S q = 4 

and a few values of x = e p /u and (p. The dashed curve in this figure is obtained in the 

leading in rj approximation (linear in rj). It is seen that rj dependence is very strong even 

for intermediate values of rj. Let us also introduce the charge asymmetry A\ for the cross 

section integrated over the angles of one of the particles, 

= dajp, v) -da(p,-rj) 
da(p, rj) + da{p, -rj) 

We calculate nominator in A\ integrating da a in Eq. fT24|) over 8 q and denominator using Eq. 
( )30l) . Figure [6] shows the dependence of A\ on 5 P for rj = 0.54 (tungsten), u/m = 50, and a 
few values of x . Note that A±, in contrast to A, does not scale as m/u due to logarithmic 
dependence of da s (p,rj) on w, see Eq. ( 130]) . It is seen that Ai is noticeable though it is 
smaller than A. The charge asymmetry corresponding to the cross section integrated over 



the angles of both particles (over 6 P and 6 q ) is very small (see Ref. 10j). 
Let us discuss now the contribution A to the charge asymmetry, 

A = g# q ' V \ , (47) 
d<T a (p, q, rj) 

15 






; 6 q =4 




<p=7T 
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Sr. 



FIG. 4: The dependence of A on S p in units m/u for a few values of 5 q , <p, and x = e p /u: x = 0.25 
(solid curves), x = 0.5 (dashed curves), and x = 0.75 (dotted curves), r/ = 0.54 (tungsten). 

where da a (p, q, rf) is given by Eq. flUj) and da s (p, q, tj) is given by Eq. ( 1231) . 

In the region 5 P ~ 5 g ~ 1, we have da a /da a ~ m/(r]m p ) and da a /da s ~ rjm/u. In this 
region, <icr a may be comparable with <icr a only for light nucleus (77 <C 1), where asymmetry 
is very small. 

In the region 5 P ~ 1, 5 g 1, we have da a /da a ~ m/(r)m p ) and da a /da s ~ 776^. Again, 
<icr a may be comparable with c?cr a only for light nucleus where asymmetry is very small. 

The only region where da a > da a and ^4 is not too small is 77 -C 1, 5 P 1, S q 1, but 
i? = ^j\6 P — 0q\ ~ 1- In this region the ratio da a /da a is 



d?« _ 2(1 + f x)e^3 



rfcr a 7r(l + $ 2 ) rjum 2 m p 
and may be larger than unity. Here we took into account that 6 p ~6 q ^> m/u but \6 P — 6 
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(48) 




316 




15 



; x=0.25 
(f=n 



0.0 0.2 0.4 0.6 0.8 1.0 



0.0 0.2 0.4 0.6 0.8 1.0 





0.0 0.2 0.4 0.6 0.8 1.0 




0.0 0.2 0.4 0.6 0.8 1.0 



0.0 0.2 0.4 0.6 0.8 1.0 



FIG. 5: The dependence of A on r] = Za in units m/co for 5 P = 2, 6 q = 4 and a few values of x 
and ip. Solid curve represents the exact in 77 result, dashed curve is obtained in the leading in 77 
approximation (linear in rf). 



m/u. For the contribution A to the charge asymmetry we have 



A 



d~a a (1 + f x)e P e q el (6 P ■ 0) 



(49) 



(1 + $ 2 )mm p 

where "d = (0 P — 6 q )e p e q /(mu), so that A may reach about ten percent at large transverse 
momenta compared to the electron mass, see Fig. [71 



VIII. CONCLUSION 

We have derived exactly in the parameter 77 = Za the charge asymmetry A, Eq. (|45j) . in 
the process of e + e~ photoproduction in a Coulomb field at photon energy uj ^> m, e p ^> m, 
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1 2 3 4 5 

FIG. 6: The dependence of Ai on 5 P for x = 0.25 (solid curves), x = 0.5 (dashed curves), and 
x = 0.75 (dotted curves); rj = 0.54 (tungsten), ui/m = 50. 




FIG. 7: Contribution A as a function of 5 P for o;/m = 200, Z = 1 (proton), x = £ p /u> = 0.6, 
5g = 30. 

and e q ^> m. This asymmetry is related to the first quasiclassical correction to the differential 
cross section of the process, Eq. (I24p . When p± and/or q± are much larger than the electron 
mass m, the charge asymmetry can be as large as tens percent. The charge asymmetry Ai, 
Eq. f|46|) . in the cross section integrated over the transverse momenta of one of the particles 
is several times smaller than the asymmetry A in the cross section differential with respect 
to the transverse momenta of both particles. We have also estimated the contribution A, 
Eqs. (1441) and (14 7p . to the charge asymmetry of the Compton-type diagram. For rj ~ 1, 
this contribution is negligible. The only region where A can be important is rj 1 (light 
nucleus), 8 P ~ 9 q ^> m/u but \0 P — q \ ~ m/oj. Though we have performed our calculation 
for the pure Coulomb field, our results are also applicable for photoproduction in the electric 
field of atoms except the very narrow region Q < ~ maZ 1 ^ 3 <^ m, where r scr is the 
atomic screening radius. 
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Our results clearly demonstrate that experimental observation of the charge asymmetry 
in the process of e + e~ photoproduction in a Coulomb field is a realistic task. 
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